The scattering diagram of a couple of spherical particles is compared to the interference pattern of circular Young slits. This comparison is used to analyze the coupling of light by a couple of particles in the single but also in the multiple scattering cases. This makes possible to explain physically the interaction between light and such a couple of particles, that is for example to distinguish interference pattern, diffaction effects and multiple scattering phenomena. The scattering diagram is rigorously computed with the use of the T-matrix algorithm. Particles are perfectly conducting spheres and their radius are smaller than the wavelength. The scattering diagram and the backscattering cross section are analyzed as functions of the distance between particles.
Introduction
The comprehension of elementary physical phenomena that occur when light is coupled by two particles has a great interest when light scattering is used to find the statistical description of media containing a large amount of particles [1] . It is particularly true when the particles have the same order of size than the wavelength and for new applications where the studied media can be made out of very dense non-spherical particles (powders for instance). In these cases particles are close together. The methods based on the Mie theory [2] and which consider that each particle only scatters the incident light, can no more be used. Each particle also scatters the light scattered by the others. In these materials multiple and dependent scattering occur. New algorithms were developed to study multiple scattering [3] [4] , but also to take into account of the shape of particles and of the statistical behavior of the medium [5] . Unfortunately, because of the high complexity of interactions between particles, it is often difficult with these algorithms to identify the elementary physical phenomena.
By comparing the scattering diagram of a couple of spherical particles and the interference pattern of circular Young slits, we want to point out the elementary physical phenomena that are observed. All our calculations have been computed with a T-matrix algorithm. Principles, advantages and limitations of this algorithm will be described in the first section. In section 2, the scattering response is described in term of scattering diagram and normalized backscattering cross section (NBSCS). Interferences are observed and the diffrence between single and multiple scattering is discussed. The last section sum-marizes the main physical phenomena that have been observed in this transition between single and multiple scattering and the analogy with circular Young slits.
1-Light Scattering: the T-matrix Algorithm
To take into account of electromagnetic interactions between particles, we have to solve Maxwell equations. We have chosen to use the T-matrix algorithm, because calculations are rapidly and ana-lytically done in the general 3D polarized case. The T-matrix algorithm is a modal method to solve the Helmoltz equation (1) and has been introduced by Waterman [6] . The electromagnetic fields are expanded (2) on the orthogonal basis of spherical vectorial functions − → ψ l ( − → r ), which are the eigenmodes of Helmoltz equation in spherical coordinates. The electromagnetic field outside the scatterers is considered as the sum of the incident − → E i and the scattered − → E s field. The T-matrix is the matrix that describes the linear relation between the expansion coeffients a i and a s of the incident field and the scattered field: a s = T a i . We note k = 2π λ the wave number, n the refractive index for the wavelength λ and L is the order of expansion of electromagnetic fields on the basis of spherical vectorial functions.
Several methods can be used to compute this matrix. For one sphere centered on the spherical coordinate frame, the boundary conditions can be easily applied [2] [7], the T-matrix is diagonal. For several spheres, we have used the Extended Boundary Condition Method (EBCM) [8] . This method is based on the translation addition theorem and the P oincaré-Huyghens principle that is expressed for perfectly conducting sphere formula (3). This principle gives two equations. The first equation expresses the total electric fild outside scatterers as the sum of the incident field and the tangential component of the magnetic field integrated around the surface of all scatterers. This second integrated term, where the Green function appears (G(k|
), is the scattered field. The second equation gives arelation between the incident field and the tangential component of the magnetic field integrated around the surface of all scatterers. By removing the tangential component of the magnetic field with the two equations, we find the relation between the incident and the scattered field.
where − → N is the normal to the surface. To compute the T-matrix, the basis of functions must be truncated. The order of truncation L must be chosen to have a good convergence of the algorithm. This convergence must be verified after each simulation. Usually L ≃ kρ with ρ radius of the smallest virtual sphere that would contain the scatters [9] . Because of the inversions of matrix that can be badly conditioned, the global size of the aggregate of spherical particles that can be simulated is limited to several ten wavelengths.
2-Results
The geometrical description and the coordinates are represented in figure 1(a) . The incident wave is supposed to be a monochromatic plane wave of wavelength λ and with a wave vector orthogonal to the common axis of the two particles (θ i = 90
• ). Its polarization is linear (E i = E y ). The particles are identical spherical particles with a radius R such as kR = 2 and are perfectly conducting (σ = ∞), α is the angle of observation. • The backscattering cross section (BSCS) is defined as lim r−→∞ 4πr
with − → E s the scat-tered field in the back direction (α = 180
• ) and with − → r the position vector. This cross-section is normalized (NBSCS) by dividing by the geometrical section of one sphere πR 2 .
• By analogy the forward scattering cross section has the same definition but with − → E S the scattered field in the forward direction (α = 0
• ). It can also be normalized.
• The scattering diagram f (α) = lim r−→∞ (kr)
• and back 90
• < α < 270
In order to study the transition between single and multiple scattering, the NBSCS of the couple of spherical particles is computed as a function of the distance between their centers (figure 2). We can see that when the distance between the two particles is small, the NBSCS oscillates with a period kd = 2π. That is, a distance lambda separates two distances d for which there is a resonance. It can also be noticed that when kd becomes larger the NBSCS reaches a constant value that is four time the NBSCS of one sphere (NBSCS of one sphere equal 1). This curve is conform with reference [8] . What we want to show, is that the asymptotical value of the NBSCS corresponds to a constructive interference of the two particles considered as two circular Young slits and that this analogy can be extended to the scattering diagram when there is single scattering but also when multiple scattering occurs. The Young slits configuration that we consider for comparison, is two circular holes in a opaque screen. The holes have the same radius R of the spheres and are separated by a distance d as illustrated in fig.1(b) . The screen is supposed to be orthogonally illuminated by an incident plan wave and light is diffracted to the far field. The interference pattern in the far field is given by formula (4), in this formula the first term corresponds to the diffraction by one hole and the second to the interference between the two holes.
For circular Young slits, formula (4) shows that in the back direction (α = 180 • ), no dephasing between the two holes has to be considered. The scattered field measures four times the amplitude of the incident field because of constructive interference. This value do not depend of kd. This case corresponds to the curve NBSCS (figure • , kd=45,
2) when kd > 45. In this case the two particles can be considered as independent coherent sources. There is single scattering.
In order to extend this analogy to the other angles of observation, the scattering diagram is simulated in this case (kd = 45) and is compared in figure 3 with the interference pattern of circular Young slits in forward and back directions. The same period of interference and a similar diffraction curve are observed. The intensity maximum is 4π times the scattering cross section of one sphere. • , E i = E y .
The same comparison have been made in a case where multiple scattering can not be neglected (kd < 45). The result is presented in figure 4 . The period of interference and the diffraction curve are also similar, but the intensity maximum is no more dependent of the light scattering by one sphere. Thus, when multiple scattering occurs, the comparison with circular Young slits can still be used but with a intensity maximum that depend of kd, (I max is pi times the scattering cross section of the two spheres).
Conclusion
We have used the normalized backscattering cross section to distinguish single and multiple scattering. We have shown that when there is only single scattering, the scattering diagram of a couple of perfectly conducting spherical particles can be compared with the interference pattern of two circular holes in a screen. In this case the radius of the holes are the same than the one of the spheres and the distance between the center of the holes is the same than the one between the center of the spheres. When the spheres are closer, multiple scattering occurs and the comparison can also be used but with a intensity maximum that depend of the distance between the two holes.
